Abnormal activation of calpain is implicated in synaptic dysfunction and participates in neuronal death in Alzheimer disease (AD) and other neurological disorders. Pharmacological inhibition of calpain has been shown to improve memory and synaptic transmission in the mouse model of AD. However, the role and mechanism of calpain in AD progression remain elusive. Here we demonstrate a role of calpain in the neuropathology in amyloid precursor protein (APP) and presenilin 1 (PS1) double-transgenic mice, an established mouse model of AD. We found that overexpression of endogenous calpain inhibitor calpastatin (CAST) under the control of the calcium/calmodulindependent protein kinase II promoter in APP/PS1 mice caused a remarkable decrease of amyloid plaque burdens and prevented Tau phosphorylation and the loss of synapses. Furthermore, CAST overexpression prevented the decrease in the phosphorylation of the memory-related molecules CREB and ERK in the brain of APP/PS1 mice and improved spatial learning and memory. Interestingly, treatment of cultured primary neurons with amyloid-␤ (A␤) peptides caused an increase in the level of ␤-site APP-cleaving enzyme 1 (BACE1), the key enzyme responsible for APP processing and A␤ production. This effect was inhibited by CAST overexpression. Consistently, overexpression of calpain in heterologous APP expressing cells up-regulated the level of BACE1 and increased A␤ production. Finally, CAST transgene prevented the increase of BACE1 in APP/PS1 mice. Thus, calpain activation plays an important role in APP processing and plaque formation, probably by regulating the expression of BACE1.
Aggregation of amyloid-␤ (A␤) 3 peptides into compact plaques is a characteristic feature in the pathogenesis of Alzheimer disease (AD) (1, 2) . Recently, it is suggested that soluble A␤ oligomers, in the process of aggregation, adversely affect synaptic structure and plasticity (2) (3) (4) (5) (6) (7) (8) (9) . A␤ peptides are generated in neurons by the sequential proteolytic cleavage of the transmembrane glycoprotein amyloid precursor protein (APP) that is cleaved initially by ␤-site APP-cleaving enzyme 1 (BACE1, also known as ␤-secretase) and subsequently by ␥-secretase, whose activity is associated with a presenilin (PS)-containing macromolecular complex (10 -12) , in the transmembrane region of APP (13, 14) . Thus, BACE1 has been proposed to be a therapeutic target for AD (15) .
Calpains are a family of calcium-activated intracellular cysteine proteases that are involved in many physiological events including long term potentiation (16 -18) or neurotoxic insults ranging from ischemia to Alzheimer disease (19 -21) . Inhibition of calpain by synthetic inhibitors exerts neuroprotection in various models of brain injuries, such as ischemia or excitotoxicity-induced neuronal death (22) (23) (24) . Interestingly, A␤ aggregation is associated with neuronal and astrocytic calcium dysregulation (25) (26) (27) . Treatment of cultured cortical neurons with A␤ oligomers caused calcium influx and subsequently calpain activation (21) .
A number of proteins have been identified as calpain substrates from various tissues (28) . Calpain cleavage of p35, a regulatory partner of cyclin-dependent kinase 5 (Cdk5), generates p25, which causes hyperactivation of Cdk5 (19, 29, 30) and causes phosphorylation of many substrates, including microtubule-associated protein Tau, resulting in the formation of neurofibrillary tangles. Interestingly, induction of p25 resulted in enhanced forebrain A␤ levels before any sign of neuropathology in APP transgenic mice (31) , by up-regulating the expression of BACE1 (32) . A recent study shows that treatment with synthetic calpain inhibitor improves memory and synaptic transmission in the mouse model of AD (33) . Nevertheless, it remains obscure how calpain participates in AD progression.
Here we demonstrate a role for calpain in APP processing and plaque formation. We found that calpain activation increases the level of BACE1, suggesting a mechanism by which calpain promotes APP processing. These results, together with previous findings, indicate that calpain has multiple roles in AD progression, e.g. APP processing, Tau phosphorylation, synaptic dysfunction, and neuronal death.
EXPERIMENTAL PROCEDURES
Mice-The human calpastatin cDNA was subcloned from the plasmid described in our previous study (34) and inserted downstream of the 8.5-kb CaMKII promoter between the NotI and PacI site of a modified pMM279 plasmid (35) . The linearized CaMKII-calpastatin fragment between two SalI sites was microinjected into C57BL/6J ϫ FVB/NJ fertilized eggs, which were then reimplanted into pseudopregnant recipient mice. Genotypes were determined by PCR for tail genomic DNA, with primers of the following sequences: 5Ј-CTCAGAAGC-CCCAAGCTCGTCAGTC-3Ј (P1 in the CaMKII␣ promoter region); 5Ј-TCCCGATGGTTTATCCGGTTTAGAT-3Ј (P2 in the coding region of human calpastatin). hCAST-expressing founders were backcrossed to C57BL/6J mice for more than eight generations. We crossed APPswe/PS1dE9 mice on the B6C3F1/J background (Jackson Laboratory) (36, 37) , which express familial AD-causing mutated forms of human APP (APPswe, Swedish familial AD-causing mutation) and presenilin 1 (PS1⌬E9), with CAST Tg mice to generate four genotype offspring: WT, CAST, APP/PS1, and APP/PS1/CAST. Gendermatched littermates were used for comparison whenever possible. All of the experimental protocols followed institutional guidelines for animal care and administration. (05-807, 1:1000), and Myc (9E10, 05-419, 1:800)), Cell Signaling (phospho-ERK1/2 (9101, 1:1000)), Signet (␤-amyloid (4G8, SIG-39220, 1:500 for IS)), or Invitrogen (APP (CT695, 51-2700, 1:1000) and synaptophysin (Z66, 1:4000)). Rabbit anti-mcalpain (1:2000) was introduced in our previous study (34) . M-calpain or the mutated form C105S (34) was subcloned into pEGFP-N1 (Clontech) in-frame with enhanced GFP at the HindIII and KpnI sites or into pCAGGS-IRES-GFP (38) at the NotI site. Human calpastatin cDNA (34) was subcloned into CAG-YFP vector, which has dual CAG promoters (39) .
Cell Culture, Transfection, and A␤ Treatment-HEK293T cell lines stably expressing APP695myc or APP695 (a kind gift from Dr. Yi-Zheng Wang, Institute of Neuroscience, Chinese Academy of Sciences) were cultured in DMEM, 10% fetal bovine serum (Invitrogen) with G418 (200 g/ml). Transfection experiments were performed with Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. Dissociated hippocampal or cortical neurons were prepared as described previously (40) . Briefly, hippocampi or cerebral cortex of embryonic day 18 rat embryos were digested with 0.125% trypsin-EDTA for 20 min at 37°C, followed by trituration with pipettes in the plating medium (DMEM with 10% FBS). Dissociated neurons were transfected by using a nucleofector device (Amaxa, Gaithersburg, MD). Then the neurons were plated onto a 3.5-mm dish coated with poly-D-lysine (0.1 mg/ml). After culturing for 4 h, the media were changed to neuronal culture medium (neurobasal media containing 1% glutamate and 2% B27). Synthetic A␤1-42 (American Peptide) was dissolved to 200 M in neurobasal medium (GIBCO) and incu- bated for 4 days at 37°C to preaggregate the peptides (41) . Neurons at 6 or 7 days in vitro were incubated in the presence of the preaggregated peptide at 5 M for 24 h.
Brain Extracts and Western Blot-For assessment of calpain cleavage of spectrin or p35 on mice, the brains were dissected immediately and homogenized in a cold lysis buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 1 mM EGTA, 1% Nonidet P-40, a protease inhibitor mixture (0.8 M aprotinin, 20 M leupeptin, 10 M pepstatin A, 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), 50 M bestatin, 15 M E-64, 1 mM PMSF), and phosphatase inhibitors (10 mM NaF, 0.2 mM sodium orthovanadate, 2 mM sodium pyrophosphate, 2 mM ␤-glycerophosphate) (19, 33) . After clarification by centrifugation (15,700 g at 4°C for 30 min), supernatant proteins were quantified using Bradford method (BioRad; Cat. #500-0006), and the same amount of proteins (ϳ50 g of protein for each sample) were subjected to SDS-PAGE and Western blot analysis with ImageQuant software (GE Healthcare) to measure the intensity of the protein bands.
Immunocytochemistry and Thioflavin S Staining-The mice were fixed by transcardiac perfusion using 4% paraformaldehyde in PBS, pH 7.4. Brain sections (30 m thickness) were sequentially incubated with individual primary antibodies in PBS containing 1% BSA and 0.3% Triton X-100 overnight at 4°C. After several washes in PBS, the sections were incubated with biotinylated anti-rabbit or anti-mouse IgG for 3 h at 37°C and then incubated with Cy3-or Cy2-conjugated streptavidin and counterstained with Hoechst. Fibrillar amyloid deposits were labeled by incubating brain sections for 20 min in a solution of thioflavin S (2 g/ml in PBS).
A␤ ELISA-Mouse cerebral cortex extracts were treated with 5 M guanidine HCl, 50 mM Tris-HCl, pH 8.0, to solubilize A␤. Amount of A␤ was analyzed by ELISA according to the manufacturer's instructions (BioSource, Camarillo, CA).
Image Analysis and Immunofluorescence Quantification-Images for the thioflavin S, GFAP, and synapsin staining were acquired with a NIKON E600FN microscope using a 10ϫ objective. The collected images were converted into 8-bit format, and the background was subtracted. An intensity threshold was set and was kept constant for all of the images analyzed with ImagePro Plus 5.0 software (Media Cybernetic). Plaques within the cerebral cortex, hippocampus, or corpus callosum were measured by standardized fluorescence intensity, and those plaques over 10 m 2 were analyzed for area [(plaque area/total area selected) ϫ 100%] or numbers [(plaque numbers/total area selected (mm 2 )]. Similarly, the areas of the GFAP-positive region [(GFAP-positive area/total cortical area selected) ϫ 100%] and the synapsin-loss region [(area with synapsin loss/total cortical area selected) ϫ 100%] around plaques were also measured with Image-Pro Plus 5.0 software. The results were obtained from three to six animals in each group (three slices/brain at ϳ150-m spacing) and presented as the means Ϯ S.E. (with p Ͻ 0.05 considered as a significant difference, ANOVA supplemented with two-tailed Student's t test).
Morris Water Maze-A hidden platform water maze was used as described previously (42) . Gender-matched littermates with various genotypes were used for the behavior tests. A platform (11 cm in diameter) was placed in the center of a specific quadrant of the pool (1.2 m in diameter) and submerged 1 cm underneath the water. The training session consisted of 5 or 7 FIGURE 2. CAST overexpression decreases amyloid-␤ plaque in APP/PS1 mice. A and B, brain sections from 10-month-old male APP/PS1 or APP/PS1/CAST littermate mice were co-stained with thioflavin S and 4G8 antibody to label amyloid-␤ plaques. Shown are representative images of thioflavin S staining (A) and higher magnifications of the boxed areas co-labeled with thioflavin S and 4G8 antibody (B). C-F, quantification of plaque area in the hippocampus, cerebral cortex, or corpus callosum (C and D) and plaque numbers in cerebral cortex (E and F). Shown are the means Ϯ S.E. (n ϭ 6 for APP/PS1, n ϭ 4 for APP/PS1/CAST, in C and E from 8-month-old male mice; n ϭ 4 for APP/PS1, n ϭ 3 for APP/PS1/CAST, in D and F from 10-month-old male mice). Three sections were analyzed for each animal. G, levels of A␤ (sum of A␤1-40 and A␤1-42) in cerebral cortex of 6-month-old male mice were measured by ELISA. n ϭ 14 for APP/PS1; n ϭ 13 for APP/PS1/CAST. *, p Ͻ 0.05; **, p Ͻ 0.01, ANOVA with Student's t test. The scale bars represent 500 m in A and 100 m in B.
days, four trials/day. The time the mice spent to locate the hidden platform was recorded to reflect spatial learning ability. After training for 5 days, the platform was removed, and a 60-s probe test was given to trained mice. Time spent in the target quadrant and the number of target platform crossings were recorded to reflect spatial memory.
RESULTS

CAST Overexpression Decreases A␤ Plaque Load in APP/PS1
Mice-There is a depletion of CAST, the endogenous inhibitor of calpain, in the prefrontal cortex of AD brains (22, 43) ; this calpastatin decrease may allow calpain activation. We generated transgenic mice overexpressing human CAST under the CaMKII␣ promoter (Fig. 1A) , which controls gene expression in forebrain regions (35, 44) . Brain extracts from hippocampi or cerebral cortex from transgenic lines and littermate controls (nontransgenic, nTg) were analyzed by immunoblot with the H-300 antibody, which recognizes human and mouse calpastatin. Among the five Tg lines, line 5 showed the highest level of CAST expression, with ϳ9-fold over nTg mice (Fig. 1B) and thus used for the following experiments. The regional distribution of the overexpressed CAST was analyzed by immunohistochemistry with H-300 antibody. The transgene-derived hCAST was highly expressed in the hippocampus and neocortex (Fig. 1, C and D) . Next CAST Tg mice were crossed with APP/PS1 mice. The levels of 150-kDa spectrin and p25, the cleaved fragments of two well established calpain substrates, ␣-spectrin and p35, respectively, were measured to reflect calpain activity in the brains of littermate mice with different genotypes (Fig. 1, E-G) . We found that calpain was activated in the APP/PS1 mice, as reflected by increased levels of 150-kDa spectrin or p25, and overexpression of CAST attenuated spectrin or p35 cleavage in WT or APP/PS1 mice ( Fig. 1, E-G) , suggesting the inhibition of endogenous calpain by CAST overexpression.
Further, we determined the effects of CAST overexpression on the neuropathology of APP/PS1 mice. First, amyloid-␤ plaques were revealed by staining with anti-amyloid-␤ antibody 4G8 or thioflavin S, a homogenous mixture of compounds that is used to stain Alzheimer plaques (45) (Fig. 2, A and B) . We found that amyloid-␤ plaque load in the hippocampus, neocortex, and corpus callosum in APP/ PS1/CAST mice was markedly reduced compared with gendermatched APP/PS1 littermates (Fig. 2, A-F) . The decrease of A␤ plaques was reflected by a reduced area occupied by the A␤ plaques (Fig. 2, C and D) and the number of plaques (Fig. 2, E  and F) . Moreover, calpastatin overexpression in APP/PS1 mice markedly reduced A␤ levels (Fig. 2G) . Thus, inhibition of calpain by overexpressing calpastatin attenuated A␤ production and plaque load in the mouse model of AD.
In the brains of AD patients and the AD mouse model, there are remarkable activated astrocytes around the area of A␤ plaques (46, 47) . In line with this notion, a number of GFAPpositive areas were observed around the plaques (Fig. 3A) . Protein levels of GFAP in the cerebral cortex were also found to be markedly increased in APP/PS1 mice (Fig. 3, E and F) . Interestingly, the area covered by GFAP-positive regions and the elevation of GFAP levels was reduced in the cerebral cortex of APP/ PS1/CAST mice (Fig. 3, A, C, E, and F) . The reduction in GFAP areas and levels may be due to the decrease in A␤ production and area/number of plaques. A␤ plaques have also been shown to cause synaptic disruption (3, 4, 6) . As shown in the inset of Fig. 3B , the intensity of synapsin, a presynaptic vesicle protein, was decreased at regions around A␤ plaques in the cerebral cortex, suggesting a loss of synapse. This reduction of synapsin was in part prevented by CAST overexpression (Fig. 3, B and D) . However, unlike that of GFAP, the total levels of synaptic proteins, such as synaptophysin, synapsin, and PSD95, did not exhibit significant changes in APP/PS1 mice, compared with WT control mice, without or with CAST expression (Fig. 3E) . This may be due to local synaptic abnormalities rather than global synaptic changes, as demonstrated in a previous study (48) . Nevertheless, calpain inhibition by overexpressing CAST prevented A␤ deposition, astrocyte activation, and synapse loss.
CAST Overexpression Blocks Tau Phosphorylation and Improves Spatial Learning and Memory of APP/ PS1
Mice-AD is also characterized by intracellular neurofibrillary tangles containing hyperphosphorylated Tau (14, 49) . Tau is phosphorylated at over 38 serine/threonine residues by several kinases, including ERK and Cdk5 (50) . Hyperphosphorylated Tau is observed in the APP/PS1 mice brain after the onset of A␤ plaques (51) . Calpain is known to activate Cdk5 by the cleavage of Cdk5 activator p35 to p25, which has a stronger activity toward Cdk5 (21) . Among the many Tau phosphoepitopes, phosphorylation at AT8 epitopes mediated by ERK1/2 and Cdk5 (19) is often found in the AD brain and used as a pathogenic marker for AD. We found that the level of AT8-positive phosphorylated Tau was markedly increased in the brain of APP/PS1 mice, compared with WT control mice (Fig. 4A, lanes 1 and 3) . Interestingly, this increase was prevented by CAST overexpression (Fig. 4, A  and B) . Thus, calpain inhibition impeded Tau phosphorylation in APP/PS1 mice.
Previous studies have shown that phosphorylation of two memoryassociated proteins, ERK and the CREB protein, is decreased in the transgenic mouse model of AD (33, 52, 53) . Consistently, we found that ERK1/2 or CREB phosphorylation was decreased in APP/PS1 mice compared with control mice (Fig. 4,  C-F) . However, these decreases were prevented by CAST overexpression (Fig. 4, C-F) . The reverse relationship between the level of AT8 and p-ERK suggests that the changes of AT8 may not be mediated by ERK; rather, these changes are probably mediated by Cdk5.
The rescue of ERK and CREB phosphorylation shown above and the prevention of synapse loss (Fig. 3, B and D) by CAST overexpression prompted us to investigate the learning and memory performance of these mice. We compared the spatial learning performance of wild type and transgenic mice in the Morris water maze assay (42, 54) . In normal acquisition of a visible platform, two groups of mice showed no difference in the speed and latency period to locate the platform (data not shown), suggesting that CAST overexpression had no effects on sensory motor or motivational performance. Next, we determined the effects of APP/PS1 transgene, CAST transgene, and number of training days on the spatial learning behavior, as reflected from escape latency toward a hidden platform, by using three-way repeated measure analysis of variance (ANOVA). We found that increasing days of training significantly improved learning performance in all groups (p Ͻ 0.001 in Fig.  4, G and J) , whereas APP/PS1 transgene exhibited a marked impairment effect (p Ͻ 0.001 in Fig. 4 , G and J) and CAST transgene exhibited a marked improvement effect (p Ͻ 0.01 in Fig. 4G and p Ͻ 0.05 in Fig. 4J ) on learning behavior. Statistically, there was a significant interaction between APP/PS1 and CAST transgene (p Ͻ 0.001 in Fig. 4G and p Ͻ 0.05 in Fig. 4J ). Specifically, after 4 or 5 days of training, the APP/PS1/ CAST mice spent less time in locating the submerged escape platform compared with APP/PS1 mice at ϳ7 months of age (Fig. 4G ) or 15 months of age (Fig. 4J) , as reflected by significantly reduced escape latency across trials. Thus, impaired spatial learning ability in APP/PS1 mice can be ameliorated by CAST overexpression. Next, a probe test was performed to determine the spatial memory of these mice. As expected, APP/PS1 mice showed defects in spatial memory, as reflected by reduced time spent in the target quadrant (Fig. 4, H and K) and a decreased number of crossings across the target (Fig. 4, I and L). Interestingly, these memory defects were prevented by the overexpression of CAST, in either young animals (Fig. 4, H and I) or relatively old animals (Fig. 4, K and L) . Single CAST transgenic mice exhibited no difference in the ability of locating the hidden platform (Fig. 4, G and J) or spatial memory in the probe test (Fig. 4, H, I, K, and L) . Thus, CAST transgene is able to alleviate the learning and memory deterioration in APP/PS1 mice.
CAST Overexpression Decreases APP Processing in APP/PS1 Mice-
Having demonstrated the effects of CAST overexpression on plaque formation and other pathological or behavior defects of APP/PS1 mice, we next investigated how these effects were achieved. First, we determined the APP processing in APP/PS1 FIGURE 5. Calpain activation up-regulates BACE1 levels. A-C, hippocampal homogenates (ϳ50 g of protein) of 12-month-old littermate female mice with different genotypes were probed in IB with antibody against BACE1 or C-terminal APP, which recognizes ␤-or ␣-CTF and full-length APP. The levels of ␤-CTF (B) or BACE1 (C) were quantified with values from APP/PS1 mice or WT mice set as 1.0, respectively. Shown are the means Ϯ S.E. from six mice/genotype. *, p Ͻ 0.05; **, p Ͻ 0.01, ANOVA with Student's t test. D, cultured cortical neurons at day in vitro 6 were treated with 5 M preaggregated A␤1-42 peptides for indicated times. BACE1 levels were determined by IB with ␤-actin as loading control. E, primary neurons transfected with CAST or vehicle vector (control) were treated with 5 M preaggregated A␤1-42 peptide for 24 h. The BACE1 levels were determined in IB and quantitatively analyzed (n ϭ 4, **, p Ͻ 0.01, ANOVA with Student's t test). F, HEK293 stable cell lines expressing APP-Myc were transfected with GFP-tagged m-calpain or a mutated form of m-calpain, C105S, which loses proteolytic activity. Cell lysates (ϳ50 g of protein) were subjected to IB with antibodies against Myc (for the detection of APP, CTFs, and AICD), or GFP (for the detection of transfected calpain or C105S), BACE1, or ␤-actin. AICD, APP intracellular domain. G, APP-expressing HEK293 cells were transfected with pCAGGS-IRES-GFP plasmids that encode m-calpain or C105S. After 36 h, the media were changed to fresh serum-free DMEM, and after another 12 h, the media were collected and measured for the concentration of A␤1-42 or A␤1-40 by ELISA. Shown are the means Ϯ S.E. from three experiments. *, p Ͻ 0.05; ***, p Ͻ 0.001, ANOVA with Student's t test. H, the model illustrating the role of calpain in up-regulating BACE1 and promoting APP processing. Note that calpain mediates the feedback loop between A␤ production and BACE1 expression. mice without or with CAST overexpression. As shown in Fig.  5A , cleaved C-terminal fragments of APP and ␤-and ␣-CTF were observed in the brain lysates of APP/PS1 mice. The increase in ␤-CTF reflects the activation or up-regulation of BACE1, consistent with the findings that BACE1 protein and activity are elevated in the AD brain (55) (56) (57) . In agreement with these findings, BACE1 levels were also found to be increased in the brain lysates of APP/PS1 mice (Fig. 5A) . However, overexpression of CAST caused a reduction in the levels of ␤-CTF (Fig. 5, A and B) as well as BACE1 (Fig. 5, A and C) , although it had no effect on APP levels (Fig. 5A) . Thus, calpain activation may contribute to BACE1 expression.
Calpain Activation Up-regulates BACE1 Levels-A number of neurotoxic factors, including A␤ (21), can activate calpain, raising the possibility that there is feedback between BACE1 expression and A␤ production. To test this hypothesis, we treated cultured cortical neurons with A␤ peptides and found that this treatment caused up-regulation of BACE1 (Fig. 5D) . Interestingly, A␤-induced BACE1 increase was attenuated by overexpression of CAST (Fig. 5E) . Thus, A␤-induced BACE1 up-regulation depends on calpain. To directly determine the role of calpain in BACE1 expression, we overexpressed m-calpain in heterologous cells. We found that the levels of BACE1 and APP CTFs were concomitantly increased with overexpression of m-calpain, compared with the catalytic inactive form of m-calpain C105S, in APP695myc-expressing HEK293 cells (Fig. 5F ). In agreement with this result, the amount of A␤ observed in the culture media of APP695-expressing HEK293 cells was higher in calpain-transfected cells than in C105S-transfected cells (Fig. 5G) . Together, all of these results support the conclusion that calpain activation leads to BACE1 up-regulation, which in turn promotes APP processing and A␤ production.
DISCUSSION
Aberrant calpain activation has been observed in the brain of AD patients (58) . Interestingly, there is a depletion of calpastatin, the endogenous inhibitor of calpain, in the prefrontal cortex of AD brains (22, 43) ; this calpastatin decrease may allow calpain activation. In this study, we demonstrate a role for calpain in BACE1 expression in the transgenic mouse model of AD, cultured primary neurons, and APP-expressing heterologous cells. We found that inhibition of calpain reduced the levels of BACE1 and attenuated A␤ deposition. In contrast, activation of calpain caused opposite effects. Thus, calpain has multiple roles in AD progression, e.g. BACE1 expression, Tau phosphorylation, synaptic dysfunction, and neuronal death.
Previous studies have shown that the levels or activity of BACE1 are increased upon a variety of stress stimulation, such as oxidative stress (59), hypoxia (60), ischemia (61) , and traumatic brain injury (62) . In the AD brain, the levels and activity of BACE1 are elevated by ϳ2-fold (55-57), and up-regulation or activation of BACE1 may initiate or accelerate AD pathogenesis. Interestingly, p25 induction has been shown to induce production and accumulation of A␤ in vivo (31) , probably by transcriptional regulation of BACE1 expression (32) , but how p25 is produced is unclear. Given the aberrant calpain activation in the brain of AD patients (58) and the known cleavage of p35 to p25 by neurotoxicity-activated calpain (21), we have investigated the role of calpain in AD progression. Synthetic calpain inhibitors have been shown to improve memory and synaptic transmission but have no effects on A␤ deposition in APP/PS1 mice (33) . Given that synthetic calpain inhibitors may modulate other proteases that may influence neurodegeneration processes, we have investigated the role of calpain by overexpressing CAST in APP/PS1 mice. We found that APP/PS1/CAST mice exhibited reduced amyloid plaque burdens and less extent for the loss of synapse and spatial learning deficits. Interestingly, the levels of BACE1 and the corresponding ␤-CTF of APP were also decreased in APP/PS1/CAST mice, suggesting that calpain activation promotes BACE1 expression and APP processing. Consistently, overexpressing m-calpain increased BACE1 levels in APP-expressing HEK293 cells. Two previous studies showed that calpain activation increased ␣-CTF production from APP (63, 64) . In line with this notion, we found that levels of ␣-CTF were decreased in APP/PS1/CAST mice ( Fig. 5A ) and calpain up-regulation caused an increase in ␣-CTF, as well as ␤-CTF (Fig. 5F ). Our demonstration that calpain activation by A␤ promotes BACE1 expression, together with previous reports of p25 regulation of BACE1 (31, 32) , led to a model shown in Fig. 5H . We propose that calpain activation triggered by various stress stimulations or A␤ itself may increase the level of BACE1, which in turn promotes processing of APP and generation of A␤.
A number of neurological insults activate calpain, which causes synaptic dysfunction and neuronal degeneration (28) . Enhanced calpain activity triggered by calcium influx or the loss of calpastatin causes cleavage of functional proteins in the brain (60, (65) (66) (67) . Inhibition of calpain has been suggested to prevent neuronal degeneration induced by multiple neurotoxtic factors (22) . Thus, calpain acts to promote AD progression in multiple steps. In addition to the role in later neuronal dysfunction, calpain plays an important role in APP processing, prior to the observable neurodegeneration, and could be a promising target for AD prevention and treatment.
